Abstract: Although it is inarguable that conventional MRI (cMRI) has greatly contributed to the diagnosis and assessment of multiple sclerosis (MS), cMRI does not show close correlation with clinical findings or pathologic features, and is unable to predict prognosis or stratify disease severity. To this end, diffusion tensor imaging (DTI) with tractography and neuroconnectivity analysis may assist disease assessment in MS. We, therefore, attempted this pilot study for initial assessment of early relapsing-remitting MS (RRMS). Neuroconnectivity analysis was used for evaluation of 24 early RRMS patients within 2 years of presentation, and compared to the network measures of a group of 30 ageand-gender-matched normal control subjects. To account for the situation that the connections between two adjacent regions may be disrupted by an MS lesion, a new metric, network communicability, was adopted to measure both direct and indirect connections. For each anatomical area, the brain network communicability and average path length were computed and compared to characterize the network changes in efficiencies. Statistically significant (P < 0.05) loss of communicability was revealed in our RRMS cohort, particularly in the frontal and hippocampal/parahippocampal regions as well as the motor strip and occipital lobes. Correlation with the 25-foot Walk test with communicability measures in the left superior frontal (r ¼ À0.71) as well as the left superior temporal gyrus (r ¼ À0.43) and left postcentral gyrus (r ¼ À0.41) were identified. Additionally identified were increased communicability between the deep gray matter structures (left thalamus and putamen) with the major interhemispheric and intrahemispheric white matter tracts, the corpus callosum, and cingulum, respectively. These foci of increased communicability are thought to represent compensatory changes. The proposed DTI-based neuroconnectivity analysis demonstrated quantifiable, structurally relevant alterations of fiber tract connections in early RRMS and paves the way for longitudinal studies in larger patient groups. Hum Brain Mapp 00:000-000, 2012. V C 2012 Wiley-Periodicals, Inc.
INTRODUCTION
While less prominent than demyelination, the loss of axons in multiple sclerosis (MS) was described as early as 1868 by Charcot [Charcot, 1868] . Over recent years, axonal loss has spawned interest as the critical component of progressive disease and permanent neurologic deficit [Compston et al., 2006] . Axonal injury and transection are characteristic of both early and chronic MS lesions [Trapp et al., 1998 ]. Diffusion tensor imaging (DTI) has become a useful tool in defining parameters of demyelination and axonal loss [Gong et al., 2009; Mottershead et al., 2003; Schmierer et al., 2007; Skudlarski et al., 2008] . A formidable challenge to the application of MR imaging in MS exists in tracking the course of the disease in an effort to elucidate mechanisms causing the accumulation of irreversible disability.
The application of functional MRI (fMRI) to the assessment of central nervous system function in MS patients has shown the presence and efficacy of brain adaptive mechanisms which may contribute, in some phases of the disease, to limiting clinical consequences of disease-related injury [Rocca et al., 2005] . Failure of these adaptive mechanisms may prove to be among the major factors responsible for the accumulation of irreversible injury [Filippi and Rocca, 2009] . In addition, the development of sophisticated, postprocessing methods has permitted the structural analysis of brain connectivity in normal and diseased patients . Advances in DTI and tractography have spurred the development of brain neuroconnectivity techniques, which define and quantify anatomical links between remote brain regions by axonal fiber pathways [Guye et al., 2010] . Recent research using diffusion tensor tractography has revealed reduced network efficiency in the white matter structural networks in MS patients [Shu et al., 2011] .
Combining different, noninvasive, and in vivo modalities with these new analytical strategies is a promising way to increase the understanding of adaptive mechanisms occurring over the course of the accumulation of disability . Such quantifiable alterations in brain connectivity may already be in evidence in newly diagnosed patients with relapsing-remitting MS (RRMS). To test this hypothesis, we performed DTI with neuroconnectivity analysis to evaluate clinically early RRMS patients and compared these findings with healthy volunteers. To the best of our knowledge, this study represents, for the first time, the use of combined DTI and neuroconnectivity network analysis and probes the fiber pathway remodeling and alterations in RRMS. In addition, different from the previous network analysis metrics applied in MS Shu et al., 2011] , the new network metric [Crofts and Higham, 2009; Estrada and Hatano, 2008] adopted is able to account for both direct and indirect connections and is more specific on evaluating the communication efficiency, which provides communicability measure on either region of interest (ROI)-to-ROI or ROIwise. This new metric could be more suitable in the context of our study of brain networks in MS patients. As direct connections between two adjacent regions may be disrupted by an MS lesion, the measure of communicability via indirect connections plays a more important role.
MATERIALS AND METHODS

Patients
Twenty-four patients within 2 years of diagnosis as RRMS (ages 26-55 years, median 37) and 30 age-and-gender-matched normal controls (NC) were selected for retrospective analysis from a pre-existent MS patient registry (Table I ). All patients had disease duration of 32 AE 9 months when the scan was obtained. The diagnosis of MS was made by the treating physician according to the McDonald criteria and patients were excluded if they had additional diagnoses that could confound MRI interpretation via physical examination and laboratory analysis. All patients had experienced at least two episodes suggestive of MS, and their MRI exams were 1-2 years after RRMS diagnosis. Clinical impairment was assessed with the Timed 25-foot Walk test, a portion of the MS functional composite (MSFC), and the Expanded Disability Status scale (EDSS). The time between clinical examination and imaging was 3-8 days. Not all components of the MSFC were performed in all patients, limiting the available clinical data for comparative analysis. The EDSS combines scores from eight functional scales (assessing a patient's 
Data Acquisition
Diffusion scans were obtained on a 3.0T Siemens Allegra head-only scanner with maximum gradient strength of 40 mT m
À1
. Diffusion-weighted data were acquired using echo planar imaging (TR ¼ 8,500 ms, TE ¼ 80 ms, 2.0-mm thick axial slices, voxel size of 2.0 Â 2.0 Â 2.0 mm, 5 averages, FOV ¼ 256 Â 256 mm, matrix ¼ 128 Â 128). The diffusion weighting was isotropically distributed in six directions using a b value of 1,000 s mm
À2
. About 1-mm isotropic T 1 (MP-RAGE, TE ¼ 4.38 ms, TR ¼ 1,750 ms, flip angle 8 , T 1 ¼ 900 ms, oversampling 10%, FOV ¼ 256 Â 256, 1 average, 1 concatenation) and T 2 (TE ¼ 354 ms, TR ¼ 2,500 ms, oversampling 30%, FOV ¼ 256 Â 256, 1 average, 1 concatenation) images were also performed. From these conventional MRI sequences, T 1 and T 2 lesion loads were obtained.
Image Preprocessing
Standard preprocessing steps for general brain image analysis were performed to reduce image noise and remove the skull and surrounding soft tissues. To achieve optimal skull stripping, we combined automatic method with manual editing to ensure accurate and complete skull removal. Skull stripping was initially performed on the B ¼ 0 image, and the resultant mask was then applied to the tensor fitting/reconstruction process.
Network Construction
Construction of the DTI Template
Preceding brain network construction, individual subject brain volumes were partitioned into different anatomical regions according to the widely accepted Anatomical Automatic Labeling (AAL) atlas [Tzourio-Mazoyer et al., 2002] . However, as this atlas only has T 1 -weighted structural images, the DTI image of each subject cannot be directly registered to the AAL atlas. Hence, a healthy normal subject with coregistered DTI image and corresponding T 1 image was selected as a new template. Then, by registering the T 1 image of the AAL atlas onto the T 1 image of the selected template, ROIs of the AAL atlas were mapped to the template space. Thus, with the mapped ROI labels, a new DTI image template is obtained (as indicated as ''template'' in Fig. 1 ), which includes the anatomical partitions of the AAL atlas in the space of the selected normal subject.
Network Construction
For each study subject, the reconstructed diffusion tensor volume was registered to the above-constructed DTI template by using tensor-based elastic registration algorithm [Yap et al., 2010; Wu et al., 2006] . Subsequently, the obtained transformation T was inversed (T
À1
) and applied to the atlas to map the anatomical labels onto each subject's space (as shown in Fig. 1 ). The AAL atlas partitions two cerebral hemispheres into 90 anatomical regions (74 cortical and 16 subcortical). Therefore, by mapping the AAL atlas onto each subject, 90 anatomical regions were consistently labeled for each subject.
Tractography was then performed for each subject to quantify structural connectivity between the 90 identified brain regions. Specifically, the streamline was seeded on white matter with fractional anisotropy (FA) >0.5 and propagated by increment of 2 mm every step. The curvature threshold was set to make sure that the step-by-step change of angle is below 30
. The tracking algorithm stopped if the FA <0.3 for the three consecutive steps. Following tractography, the white matter fibers were represented as streamlines in three-dimensional space. For each pair of regions, if one fiber is originated from one brain region and ends in another brain region, the two regions were considered to be ''connected'' by this fiber. The count of fibers connecting each pair of regions was then measured and used as the indication of the strength of the connection between these two regions. Similarly, the average FA and average mean diffusitivity (MD) along the fiber bundles connecting two regions were also calculated as two other indications of the connection strength. The main reason of including MD and FA into the study is to investigate the moderate white matter changes that are not serious enough to interrupt fibers. As the fiber-count-based network only captures the ''dramatic'' network changes, FA-and MDbased networks can provide complementary measures to identify subtle fiber changes. Therefore, such a network construction method resulted in three weighted undirected graphs with 90 nodes for each subject, which can be represented in a connection/adjacency matrix. For simplicity, in the remainder of this paper, we refer to the three constructed networks and corresponding adjacency matrices as N FC , N FA , and N MD , respectively.
Communicability and Average Path Length
Communication between different brain parts can be understood as transmission of information through a network, which is usually considered to take place along geodesic distance. However, in many real-world networks, such as in brain networks with small-worldness feature, the spread of information is not restricted only to the shortest paths. In the context of our study of brain networks in MS patients, connections between two adjacent regions may be disrupted by an MS lesion. However, reorganization of tracts between the regions will still allow communication between the two regions via longer paths bypassing the lesion. Therefore, taking these indirect connections into account would be crucial in this study.
Recently, a new concept of communicability was introduced in [Crofts and Higham, 2009; Estrada and Hatano, 2008] as a quantitative measure of the efficiency with which ''information'' can spread across a network. This new measure deals with the issue that there is no edge between a pair of nodes, which does not necessarily indicate a low degree of ''connectednesses'' between two nodes. They define the communicability between two nodes by counting the total number of walks between them, with walks of length k scaled by a factor of 1/k!, such that the longer walks have less influence than the shorter walks. Compared with other network measures, such as clustering coefficient [Rubinov and Sporns, 2009] , the new measure communicability has two main advantages. First, not only the local direct connections but also the long-distance indirect connections are taken into account. Second, more specifically, for each pair of regions, an overall measurement of the connectedness between them can be provided. In a more recent study [Crofts et al., 2010] , changes in the contralesional hemisphere following stroke were detected using this measure, but are unseen to the conventional network measures. In this study, we adopted this new measure. A brief introduction of this measure and how it is computed in our study can be found in the Appendix section.
As mentioned above, reorganization of tracts may occur between the regions affected by the lesion, where the reduced direct communicability may be compensated via connections with longer paths. Therefore, it is possible that in some situations, the overall communicability could be maintained. In this case, this type of network change is invisible to the metric communicability. To quantify this, we proposed another network measurement, average path length (APL), which is also defined in the Appendix section.
Statistical Analysis
To determine which brain regions have significant changes in communicability or APL between the two groups, we performed t-tests on the communicability degree (deg C i ) scores for each region. Similarly, to be more specific, for each pair of regions, the communicability C ij and APL ij were also compared between the two groups. Other than the conventional t-test, the network-based statistic (NBS) [Zalesky et al., 2010a] was also used to identify the between-group differences in pairwise communicability C ij . Instead of performing the test individually on each node, the NBS method aims to identify the connected subnetworks in the communicability matrix that significantly differ between groups. Therefore, the NBS has been demonstrated to offer greater statistical power [Verstraete et al., 2011; and may reveal more differences that probably have been overlooked with the false discovery rate (FDR) correction, which often uses the conventional t-test.
RESULTS
Group Differences in Communicability Measures
Comparison results for the degree of communicability (deg C i ) between RRMS and NC groups via three adjacency r Li et al. r r 4 r matrices N FC (Fig. 2) , N FA (Fig. 3) , and N MD (Fig. 4 ) detect the regions with significant (P < 0.05, FDR corrected) connection changes. These parameters consistently reveal reductions in FC, FA, and MD for the connections between different AAL-atlas-defined foci outside of the deep gray matter (GM) (mostly from frontal lobe regions), suggesting loss of axons (FC) and myelin (FA and MD). However, there are multiple tracts revealing increased FC, FA, and MD between deep GM nuclei (putamen and caudate) and other brain regions, as well as increased connections involving the cingulum.
More specifically, comparison results of the pairwise communicability (C ij ) between RRMS and NC groups (NBS corrected, P < 0.05) are displayed for N FC (Fig. 5) , N FA (Fig. 6) , and N MD (Fig. 7) as well. These parameters also consistently reveal reductions in FC, FA, and MD for connections between different AAL-atlas-defined foci outside of the deep GM (mostly from frontal lobe regions), and again demonstrate the increased pairwise communicability with increased FC, FA, and MD between the deep GM (putamen and caudate) and cingulum with other brain regions.
Group Differences in APL
The results of APL changes between the two groups are summarized in Table II . As the information travel length is averaged by the unit of information (see Appendix section), Table II shows the 15 region-pairs, between which, to send the same amount of information from one to the other, it travels a significantly longer path in the RRMS group.
The right inferior Orbitofrontal cortex (''Frontal_In-f_Orb_R'' in AAL atlas) is one of the regions that are most significantly involved in the APL changes. Correspondingly, in Figure 5 , this region also demonstrates significantly decreased communicability between other regions Comparison of the pairwise communicability C ij between RRMS and NC group for the N MD network. Only region pairs showing a significant difference (P < 0.05, by NBS) between the two groups are displayed. Edges with mark ''*'' indicate P < 0.05. Other edges are with P < 0.001. The uncorrected P values range between 1e-6 and 1e-5. The left shows the affected regions in a circle-layout, in which green and red edges show increased and decreased communicability, respectively. The right indicates the relative positions of these regions in the brain.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] r Network Analysis Detects Neuroconnectivity Alterations in Early Relapsing Remitting MS r r 7 r in the RRMS group. These two findings are consistent with each other. A possible explanation is that, although many bypasses were created (and detected by the increased APL) to compensate for the loss of direct/ shorter connections, the communicability still cannot be maintained between this region and other brain regions which would have an impact theoretically upon processing speed. It is also not surprising that all the observed APL changes are ''increases'' which indicates degenerated efficiency of information transformation in the RRMS group.
Probabilistic Lesion Map
Owing to the multifocal and widespread occurrence of MS lesions throughout the brain, alterations of structural neuroconnectivity should be topographically related to the location of focal lesions. To access this relationship, a probabilistic lesion map of the RRMS group was created and is shown in Figure 8 . To pictorially illustrate the relationship between lesions and the regions with affected connectivity, the probabilistic lesion map was overlapped with the pair of regions with decreased ( Fig. 9) and increased ( Fig. 10) communicability. Along the pathway of each region pair with decreased communicability, a high probability of MS lesions is observed. A representative example is shown in Figure 9c , in which the right medial superior frontal cortex (''R_Frontal_Sup_Medial'' in AAL) to the left medial superior frontal cortex (''L_Frontal_Sup_Medial'' in AAL) connection is through the corpus callosum, in the region of the genu. However, this pathway is compromised by a high concentration of MS lesions, flanking both sides of the genu. Decreased communicability at this site was observed in the RRMS group when compared with NC. In Figure 10 , the region pairs with increased communicability are mainly located between deep GM structures, such as the caudate nucleus, and the cortical defined foci. Also identified in this region is the increased communicability between the white matter structures, the anterior, and mid cingulum of both cerebral hemispheres.
Correlation With MSFC Timed 25-foot Walk Test
The communicability metric deg C i of each ROI was also correlated to the scores (in seconds) of the MSFC Timed 25-foot Walk test. The regions with the most significant high correlations (either positive or negative) are summarized in Figure 11 . The superior frontal gyrus is a structure involved in self-awareness and coordination with actions via the sensory system [Goldberg et al., 2006] . With regard to consistency, the overall communicability of this structure shows high correlation (r ¼ À0.71) with the time spent in the 25-foot Walk test. The left superior temporal gyrus (r ¼ À0.43) and left postcentral gyrus (r ¼ À0.41) also demonstrate decreased communicability that correlated with the results of the 25-foot Walk test. Additionally, the left postcentral gyrus is the location of the primary somatosensory cortex and is the main sensory receptive area for the sense of touch, a required function for the Timed 25-foot Walk test. Other MSFC tests were not performed in the majority of the patients, and therefore were not assessed. Also identified were increased communicability of the left mid cingulum (r ¼ À0.48) with two deep GM structures, the left thalamus (r ¼ À0.41) and left putamen (r ¼ À0.43). We again hypothesize as stated in Group Differences in Communicability Measures section that the increased connections may demonstrate compensation effects. Interestingly, all these regions involve the left hemisphere in our predominantly right-handed participants.
DTI Abnormalities in the Region of the Optic Radiations and Occipital Lobes
Our results also demonstrated multiple areas of neuroconnectivity abnormalities that would have a negative impact upon vision. As stated in Table III , there are neuroconnectivity reductions in the right calcarine cortex, the primary visual cortex for the right visual field of both eyes. Additionally, there are connectivity reductions also in the regions of the right superior occipital, right middle occipital, and left inferior occipital lobes areas of associative and secondary visual cortex. Also identified are bilateral lesions in the regions of the optic radiations (OR) in these patients on the lesion probability map, which may in part explain the loss of axonal fibers in the regions of visual function. Also denoted in Figures 2 and 4 , are regions of decreased communicability in the right inferior occipital b and c) . In 2D map, the color represents the probability of observing a lesion at specific locations in the RRMS group. The 3D map shows the distribution where the probability P > 0.5. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] lobe. A fact that may explain abnormalities in these areas is that nine patients from the 24 RRMS group had a documented history of optic neuritis.
DISCUSSION
In patients with clinically early RRMS, changes in MD, FA, and FC were prominent within frontal and temporal lobes, where the probabilistic lesion map showed an increased proportion of MS plaques. Such abnormalities in DTI parameters in the RRMS group were anticipated due to the sensitivity of MD and FA to general tissue damage and changing patterns of restricted water diffusion associated with alterations in the myelin sheath and axoplasm [Song et al., 2003 [Song et al., , 2005 . Moreover, in the present study, significant reductions in FC in the frontal lobes at the level of the anterior corpus callosum (genu) may have distinctive neuroanatomic and neuropathologic correlations. Nerve fiber distribution in the corpus callosum is topographically organized [Aboitiz et al., 1992] . Thin, small caliber fibers are most dense in the genu, representing 72% of the total fiber population in this region [Aboitiz et al., 1992; Hasan et al., 2005] . From a neuropathologic standpoint, an important issue in understanding the mechanisms of axonal injury in MS is the size selective nature of axonal degeneration [Lassmann, 2009] . Small caliber axons are much more vulnerable to injury compared to thick, large caliber axons, creating preferential damage to thin axons [Lassmann, 2009] . Thus, pronounced reductions in communicability and neuroconnectivity between left and right frontal lobes in the region of the genu may be a function of several factors, namely: (1) MS plaques with myelin loss and early axonal injury, (2) secondary Wallerian degeneration, and (3) intrinsic, selective vulnerability of small caliber axons having the highest density within the genu of the corpus callosum (Fig. 8 ).
An unexpected result in the RRMS cohort was the increase in MD, FA, and FC with increased connectivity in the deep gray nuclei (caudate, putamen, and thalamus) and cingulum, which was not reported in previous works [Filippi et al., 2000; Hasan et al., 2009; Shu et al., 2011] . This new finding may be attributed to the new method, which is more accurate on assessing the influence on indirect brain connections occurring as tracts reroute around lesions. Our results are consistent with quantitative DTI and fMRI reports by other authors. Higher values of MD and FA have been shown in the caudate nucleus, basal ganglia, and thalamus in RRMS patients [Ciccarelli et al., 2001; Hasan et al., 2009; Tovar-Moll et al., 2009] . Increased activation of multiple cortical structures, deep gray nuclei, and cingulum in primary progressive multiple sclerosis (PPMS) patients has been demonstrated with fMRI and DTI tractography [Ceccarelli et al., 2010] . Furthermore, in a large prospective multicenter fMRI international collaborative study, MS patients showed greater brain recruitment of portions of the cingulate gyrus and bilateral caudate and putamen with less hand dexterity [Wegner et al., 2008] . Similar cortical recruitment was also observed in patients with isolated myelitis [Rocca et al., 2006] . Increased thalamic activation using fMRI in RRMS patients has also been identified in patients who recover more quickly from fatigue suggesting a compensatory mechanism [Rocca et al., 2007] . In our study, a significant correlation was found between increased connectivity and communicability of the mid-cingulum, thalamus, and putamen with decreasing performance in the MSFC Timed 25-foot Walk test. Such patterns of fiber tract structural reorganization is likely to have several different substrates, including synaptic changes, increased recruitment of parallel existing pathways or ''latent'' connections, and reorganization of different sites [Filippi and Agosta, 2009 ]. Brain plasticity may play a major role in limiting the functional consequences of axonal injury and loss in MS [Filippi and Agosta, 2009 ], but only sequential neuroconnectivity DTI studies will test this hypothesis for validity, and determine if these changes have any predictive value.
Our study displayed significant decreases in neuroconnectivity and abnormal DTI indices within the OR of the RRMS group as depicted by areas of neuroconnectivity reductions in the occipital lobes as well as high-density lesions on the probability maps in the region of the optic tracts. When first examined, 30-50% of patients with MS manifest frank visual dysfunction [McDonald and Barnes, 1992; Reich et al., 2009] . In our MS cohort, nine of 24 patients were diagnosed with optic neuritis at some time point during this study. Significant reductions in neuroconnectivity in the RRMS group is in agreement with previous research using diffusion tensor magnetic resonance (DT-MR) tractography in MS patients with optic neuritis showing decreased connectivity values in both left and right OR when compared with controls [Ciccarelli et al., 2005] . These findings suggest the occurrence of trans-synaptic degeneration secondary to optic nerve damage and loss of afferent neurons in the lateral geniculate nucleus (LGN) [Evangelou et al., 2001] . Thus, reductions in neuroconnectivity may reflect a decrease in axonal density and volume within the OR fiber bundle, originating in the LGN [Ciccarelli et al., 2005] . Additionally, because the OR passes through the periventricular and subcortical white matter, the tract may be affected by focal demyelinating lesions that typically accumulate in these areas [Reich et al., 2009] as can be seen on our lesion probability map (Fig. 8) . Furthermore, studies using fMRI have demonstrated a reorganization of the cerebral response to visual stimuli following optic neuritis recovery and have suggested that neural reorganization may represent an adaptive response to abnormal input [Werring et al., 2000; Toosy et al., 2002] . Hence, it is conceivable that at least part of this functional reorganization is associated with alterations in structural connectivity that participate in the transmission of visual stimuli [Ciccarelli et al., 2005] .
Other unexpected findings in this study included significant loss of neuroconnectivity to the hippocampus and temporal lobes that would be expected to result in memory deficits. Other authors have also identified significant hippocampal disease using inversion recovery imaging [Roosendaal et al., 2008] as well as atrophy analysis, and revealed an associated correlation with deficits in memory encoding and retrieval [Sicotte et al., 2008] . It must be noted the functions of the hippocampal and frontal regions are not routinely assessed during clinic visits, although these deficits are known to be a major component of disability in MS, and could be assessed with neuropsychological testing for comparison in a controlled study.
LIMITATIONS
Limitations of the present study include its retrospective nature and selected minor issues with the neuroimaging protocol. DTI data was acquired in only six directions, although imaging parameters were considered optimal at the time of initial patient intake. This limited the ability of depicting the fibers with bifurcations/crossings. The posterior fossa and caudal brainstem were not assessed to reduce imaging time, increase patient comfort, and protect against artifact secondary to patient movement. The validity of this study is dependent on the accuracy of the AAL template. Recently, studies have demonstrated that network measures are sensitive to the number of ROIs (nodes in the network) and accuracy of its partitioning [Zalesky et al., 2010b] . Another limitation of the study is that the cognitive assessment was not performed prospectively as cognitive deficits were not thought to be a major component of the disease in this patient group who was gainfully used. Therefore, cognitive testing was not performed, but would be for any controlled future study if at all feasible, and would likely be addressed with the PASAT-3 of the MSFC. Despite these limitations, we are able to demonstrate statistically significant reductions of neuroconnectivity in our early RRMS patients, compared to NC using the new network analysis method, which is capable of dealing with indirect connections. Although MS is a very heterogeneous disease with a broad spectrum of disease expression and progression, we still believe that this information 
CONCLUSIONS
In conclusion, the present study using DTI-based neuroconnectivity analysis demonstrated quantifiable, structurally relevant alterations of fiber tract connections in a group of clinically early RRMS patients compared to NC, which confirms the work of previous authors, and expands upon their findings. Our results pave the way for longitudinal studies in larger patient groups, to elucidate both adaptive mechanisms contributing to limiting the clinical consequences of disease related tissue injury, and failure of such mechanisms results in the accumulation of irreversible disability. Partnering of sophisticated tools, such as neuroconnectivity analysis, with other MR imaging modalities expands the role of modern imaging applications related to MS. Future research in this area however is critical for understanding the underlying pathologic alterations and for development of therapeutic strategies for preventing propagation of neuronal dysfunction in MS.
